The temporal β diversity of small eukaryotic phytoplankton in a tropical urban coastal lagoon (Rodrigo de Freitas Lagoon, Brazil) was characterized throughout two annual cycles (2012-2103) with twice-weekly sampling. Small eukaryotic phytoplankton (<20 μm) were very abundant (above 1 × 10 3 and up to 6.2 × 10 5 cells mL
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I N T R O D U C T I O N
Species richness is an emergent community property underlying many ecological models and conservation strategies. Quantification of biodiversity components (α: local richness, β: species turnover, and γ: landscape richness) has traditionally been carried out across spatial scales (Halffter, 1998) . However, temporal variation of these biodiversity components is also relevant for complete cumulative species richness (Korhonen et al., 2010) . Among these components, temporal β diversity is of particular interest because it incorporates shifts in species composition and potentially provides a sensitive indicator of community changes (Magurran and Henderson, 2010) . Like spatial variation in species assemblages, temporal species turnover is expected to be driven by multiple factors, allowing the formulation of specific hypotheses explaining temporal patterns of species distribution (Korhonen et al., 2010) and, consequently, the main variables affecting their ecology. Although the relevance of environmental heterogeneity for the temporal variability of biodiversity components has been evaluated in different biological groups and ecosystems (Dornelas et al., 2014) , little is known about this subject for phytoplankton communities in marine systems.
Coastal lagoons are shallow water bodies at the land-sea interface that experience high environmental variability due to simultaneous freshwater and marine influences (Kennish and Paerl, 2010) . Phytoplankton studies in coastal lagoons traditionally have focused on microphytoplankton (>20 μm), while pico-and nanophytoplankton (<2 μm and 2-20 μm, respectively) are frequently the dominant size classes in terms of both abundance and biomass in these environments (Bec et al., 2005 (Bec et al., , 2011 Pecqueur et al., 2011) . Moreover, some nanophytoplankton species, such as the pelagophyte Aureococcus anophagefferens and the prymnesiophyte Prymnesium polylepsis, can form harmful algal blooms associated with the death of aquatic organisms in lagoon systems (Underdal et al., 1989; Bricelj and Lonsdale, 1997) .
Despite the relevance of small-sized phytoplankton assemblages in primary production (Chapelle et al., 2000) and carbon transfer within microbial food webs (Hlaili et al., 2008) in coastal lagoons, little is known about their floristic composition and the temporal turnover of species (i.e. temporal β diversity) in these ecosystems. To address this issue, we focused on a particular model that naturally maximizes temporal environmental heterogeneities and population turnover. The Rodrigo de Freitas Lagoon (RFL) is an anthropogenically impacted eutrophic system along the coast of the city of Rio de Janeiro . It is a small, semiconfined, shallow environment (2.5 km 2 , averagẽ 2.8 m) connected to the sea through an artificial 850 m long channel (most of the time blocked by silt deposited from marine circulation) and characterized by low sea water exchange and long (over 365 days) water residence times . Abiotic spatial heterogeneity within the lagoon is low, with environmental variability mostly observed on the temporal scale (Souza et al., 2011) . Phytoplankton is dominated by pico-and nano-sized species year round including both unicellular cyanobacteria and eukaryotic taxa, frequently forming blooms that are sometimes associated with fish kills Menezes et al., 2012) . The picoand nanoeukaryotic phytoplankton are characterized by high species richness and rapid temporal species turnover, which make them interesting models to study temporal β diversity.
Here, we present the temporal β diversity of the picoand nanoeukaryotic phytoplankton (hereafter jointly referred to as "small eukaryotic phytoplankton") in RFL using a twice-weekly sampling effort over two years. Temporal dynamics of both abundance and species composition were characterized with the best taxonomic resolution possible in order to address the following questions: (i) How well is the temporal β diversity on short-time (twice-weekly) and seasonal scales explained by environmental heterogeneity?; (ii) Which environmental variables are related to the observed patterns of temporal diversity as well as the predominant species on the two considered temporal scales?
M E T H O D Sample collection
Samples were collected twice a week from 02 January 2012 to 30 December 2013 in Rodrigo de Freitas Lagoon (RFL) at five sampling stations ( Supplementary  Fig. 1 online) , with 1-4 day sampling intervals, coupled with the Phytoplankton Monitoring Program developed by the Municipality of Rio de Janeiro (see the Extended Methods in the Supplementary Data online for a description of the study area). Samples for phytoplankton (250 mL) and macronutrient analysis (500 mL) were obtained with a flask from the subsurface water (~10 cm depth). Additional water samples (2 L) taken from the station located at the center of the lagoon (station 3) were kept alive and brought to the laboratory for the establishment of phytoplankton cultures and DNA extraction for genetic characterization. Water temperature and salinity were measured using a multiparameter probe (YSI 63, Yellow Springs, Ohio, USA.) at 0.5 m intervals. Both variables were used to estimate the density of the water (σ). The water stability (used as a measure of the degree of mixing) was given by the Brunt-Väisälä frequency (N BV ), calculated based on the vertical distribution of water density in the water column. Water transparency was estimated using a Secchi disk. Precipitation data were obtained from a meteorological station located at the Jardim Botânico (http://www2.rio.rj.gov.br/georio/site/ alerta/alerta.htm).
Sample analyses
Samples for phytoplankton counts were fixed immediately with Lugol's solution (1%). Phytoplankton quantification was performed within 24 h of sampling (to avoid excessive deformation of cells and cell losses after fixation) by the Utermöhl method (1958) under an inverted microscope (Zeiss AXIO Observer.A1, Göttingen, Germany) equipped with a digital camera (Zeiss AxioCam ICc-3, Göttingen, Germany) after sedimentation in 10 mL columns. Cells smaller than 10 μm were quantified using an immersion objective (100× magnification) whereas cells larger than 10 μm were enumerated under 40× magnification. In both cases, quantifications were performed in random fields (Uehlinger, 1964) until at least 100 units (P < 0.05) of the dominant species were enumerated (Lund et al., 1958) .
Taxonomic assignment was based on morphological characters observed in both fixed and live individuals. In order to achieve the best taxonomic resolution possible, special efforts were made to link morphotypes (recognizable group of organisms counted by microscopy at 100× magnification) to genotypes (sequencing of region V4 of the 18 S rDNA gene). Sequences were obtained both by the direct sequencing of cultures isolated by serial dilutions and by clone libraries performed from environmental samples. Procedures for taxonomic identification and culture isolation are described in the Extended Methods of the Supplementary Data. Clone libraries were used as a complementary approach to the sequencing of cultures because serial dilution could result in the isolation of opportunist species that are not necessarily the most abundant and most phytoplankton species may not be cultivable.
For DNA extraction, 50 mL of culture was centrifuged and the resulting pellet was frozen using liquid nitrogen. For environmental samples, approximately 1.5 L of lagoon water from four sampling dates (13 March 2012 , 15 August 2012 , 18 January 2013 and 5 August 2013 were first pre-filtered through 10 μm pore polycarbonate filters (47 mm, Millipore) and collected on a 0.22 μm pore size polycarbonate filter (47 mm, Millipore) under gentle vacuum (<5 mm Hg). The filters containing the 0.2-10 μm fraction were transferred to 5 mL cryotubes containing DNA lysis buffer (0.75 M sucrose, 400 mM NaCl, 20 mM EDTA and 50 mM Tris, pH 9.0), frozen in liquid nitrogen and stored at −20°C. All DNA was extracted following the CTAB protocol (Lebret et al., 2012) .
For both cultures and environmental samples, the hypervariable region V4 of the 18 S rDNA gene (about 600 bp) was amplified using the primers Euk528f (forward: 5′-CCG CGG TAA TTC CAG CTC −3′; Zhu et al. 2005) and S69 (reverse 5′-CCG TCA DTT CCT TTR AGD TT −3′; Probert et al. 2014) . These primers were selected as they offer a comparatively good in silico phylogenetic coverage, allowing a high diversity of sequences from different taxonomic groups to be obtained. The PCR amplification mix (15 μL final volume per reaction) contained 1 μL of the DNA extract, 330 μM of each deoxynucleoside triphosphate (dNTP), 2.5 mM of MgCl 2 , 1.25 U of GoTaq® DNA polymerase (Promega Corporation, Madison, WI, USA), 0.17 μM of both primers, and 1× of buffer (Promega Corporation). The PCR program included a denaturation step (95°C for 5 min), followed by 35 cycles of denaturation (1 min at 95°C), annealing (1 min 30 s at 55°C), and elongation (1 min 15 s at 72°C). The final elongation step lasted 7 min at 72°C. For cultures, PCR products were purified using the ExoSAP-IT kit (USB) following the manufacturer's recommendations and directly sequenced on an ABI Prism 3100 automatic sequencer (Applied Biosystems, Foster City, CA, USA) in both forward and reverse directions (using primers Euk528f and S69 above mentioned). For clone libraries, PCR products from environmental samples were first cloned using the TOPO TA Cloning® kit (Invitrogen, Carlsbad, CA, USA) according to manufacturer's recommendations, and clone DNA amplified by PCR following the protocol described above. Selected clones were sequenced as described above for cultures using only the forward Euk528f primer.
Phylogenetic assignment of both cultures and clone libraries were performed by BLAST analysis using the PR2 data base (http://ssu-rrna.org/pr2) (Guillou et al., 2012) . Only clones from putative phototrophic organisms were considered. Sequences corresponding to dinoflagellates were discarded as they all belonged to organisms > 10 μm. Sequences were aligned using MAFFT 7 (http://mafft.cbrc.jp/alignment/software/ index.html). The resulting alignment was corrected manually and used to cluster the sequences into distinct operational taxonomic units (OTUs) with MOTHUR 1.13 (Schloss et al., 2009 ) using a similarity threshold of 98% (Romari and Vaulot, 2004) . Phylogenetic analysis included representative sequences from each one of the recognized OTUs, sequences from cultures isolated in this study, and sequences available in GenBank (http:// www.ncbi.nlm.nih.gov). Sequences were aligned using the online package MAFFT 6. Gaps and missing data were deleted. The best nucleotide substitution model was determined using MEGA5 (Tamura et al., 2011) , and a general time-reversible model was selected with a gamma distribution and invariant sites. Maximum likelihood was measured using MEGA5, and the robustness of the inferred topology was supported by bootstrap resampling (500 replicates). Euglenophyte sequences (Eutreptiella gymnastica and Euglena gracilis) were used as outgroups (GenBank accession nos. HQ828067 and M12677, respectively). The sequences obtained during this study were deposited in GenBank (accession nos. KT780900-KT781066). Macronutrient concentrations (NO 3 , NH 4 , PO 4 , Si(OH) 4 ) were determined using a Shimadzu UV-1800 spectrometer (Shimadzu Inc., Kyoto, Japan) following standard nutrient analysis methods (Rice et al., 2012) . Samples for NH 4 were collected throughout the study while NO 3 , PO 4 and Si(OH) 4 were collected after April 2013.
D A T A A N A L Y S I S Environmental heterogeneity
Estimation of temporal environmental heterogeneity on the short-time scale (twice-weekly) was performed separately for each sampling station. Environmental differences were parameterized as Euclidean distances calculated between each sampling date and the previous one, considering values of water temperature, salinity, Secchi disc depth, water stability, NH 4 and precipitation. NO 3 , PO 4 and Si(OH) 4 were not considered as they were available only after 10 April 2013. In order to assess if the spatial heterogeneity was more important than the temporal one, spatial Euclidean distances were also calculated for each sampling date considering all the possible combinations between the sampling stations. Spatial and temporal Euclidean distances on each sampling date were then compared by Mann-Whitney tests (Statistica 7.0, StatSoft) . Finally, the importance of each environmental variable to heterogeneity between consecutive sampling dates was estimated by dividing the squared difference of a given variable by the sum of the squared difference of all variables, obtaining a value between 0 and 1. These values were used to calculate the proportion of variables to the short-time Euclidean distances by the simple rule of three.
On the seasonal scale, the environmental heterogeneity was assessed by comparing environmental variables among the four seasons of the same year and between years within each sampling station, using MannWhitney tests (Statistica 7.0, StatSoft, Tulsa, OK, USA). We further identified the main environmental variables accounting for the seasonal environmental variability by Principal Component Analysis (PCA) using CANOCO 5.0 software, considering the data of all sampling stations together (n = 1035). This decision was made because Mann-Whitney tests indicated that the temporal heterogeneity was more important than the spatial one for the observed environmental variability during most of this study (see Results) .
In all analyses, environmental data were previously standardized to values between 0 and 1, based on the minimum and maximum values of each variable, using the formula
where x is an original value and x′ is the standardized value.
Estimation of temporal diversity
On the short-time scale, temporal β diversity (i.e. temporal species turnover) was calculated using the BrayCurtis dissimilarity index between each sampling date and the previous one considering the previously transformed [log (x + 1)] densities of all small eukaryotic phytoplankton species. The relative importance of spatial versus temporal β diversity in RFL was assessed by calculating the Bray-Curtis index for each sampling date among all combinations of sampling stations. The spatial and temporal β diversities for each sampling date were then compared by Mann-Whitney tests (Statistica 7.0, StatSoft). We further assessed the temporal β diversity on the seasonal scale by estimating turnover of species throughout the seasons of the two years studied. For this, differences in the species composition between consecutive seasons were assessed by analyses of similarities (ANOSIM) considering dissimilarity matrices (Bray-Curtis index) with season as the unique one-way factor. The analysis outcome gives an R value (oscillating from 0 to 1) and an associated Pvalue, with R values of 1 corresponding to maximum dissimilarity among the groups of samples. Finally, similarity percentages tests (SIMPER) were used to identify which species explained dissimilarities among groups of samples. ANOSIM and SIMPER analyses were performed in software R using, respectively, the packages vegan (Oksanen et al., 2007) and ecodist (Goslee and Urban, 2007) based on previously transformed data [log (x + 1)].
Relationship with environmental variables
The importance of environmental heterogeneity for the observed temporal β diversity on the short-time scale was evaluated by wavelet analysis (for a detailed description about the use of wavelet analysis in ecological timeseries see Cazelles et al., 2008) . We also used this analysis to assess the importance of environmental variables, including inorganic nutrients in addition to NH 4 in the periods when they were measured, for the short-time distribution of the main small eukaryotic phytoplankton species (selected by the SIMPER analyses), focusing on the periods when these species showed their maximal densities. To overcome the lack of periodicity between the sampling dates, we converted our irregularly distributed observations into a fixed interval dataset (following Carey et al., 2016) by reassigning sampling days to the closest regularly spaced day on a 3-days interval throughout the time-series, and linearly interpolating the missing data for the rare occasions on which sampling did not occur. Then, the correlation between the two time-series was assessed by wavelet coherence analysis coupled to phase angle analysis in software R using the package WaveletComp (Roesch et al., 2014) . Statistical significance level of the wavelet coherence was estimated using Monte Carlo permutation test.
The relevance of the environmental variables to temporal β diversity on the seasonal scale was assessed by Canonical Correspondence Analysis (CCA) using CANOCO 5.0 software. Although outside the scope of this study, unicellular cyanobacteria and large eukaryotic phytoplankton were also included because their presence could affect the seasonal distribution of small eukaryotic species. Data of the five sampling stations were considered together (n = 1035). Before the analysis, abundance of phytoplankton species occurring in at least 10% of the samples was previously transformed to improve normality [log (x + 1)], whereas environmental variables were standardized. Monte Carlo permutation testing (999 permutations; CANOCO 5.0) was used to determine the significance of the variables and the first two ordination axes.
R E S U L T S Environmental conditions
High temporal environmental heterogeneity on the short-time scale (twice-weekly) was observed during the study period with Euclidean distances oscillating between 0.017 and 1.13, sometimes changing drastically from one sampling date to the next (Fig. 1A) . Although some environmental differences were observed between the sampling stations, Mann-Whitney tests indicated that temporal environmental heterogeneity was significantly higher (P < 0.05) than spatial heterogeneity for the majority of the study (>83% of sampling dates; Fig. 1A ).
Strong temporal variability regarding environmental variables was observed in RFL during the study period across both short-time and seasonal scales ( Supplementary  Fig. 2 ). In both years, water temperature varied between 23.7 ± 1.5°C (winter) and 29.5 ± 2.1°C (summer) with oscillations between consecutive sampling dates varying Temporal distance values on the y-axes were calculated as Euclidian distances and Bray-Curtis dissimilarities between one sampling date and the previous one. Similarly, spatial components are related to Euclidian distances and Bray-Curtis dissimilarities between the different sampling stations at each sampling date. Significant differences (P < 0.05) accessed by Mann-Whiteny test are indicated by crosses. between 0.5 and 1°C, but 2-4°C differences were also occasionally observed. Water temperature was significantly different (P < 0.05) among the four seasons of the year, but no significant differences for this variable were observed between the years in the same season. The other variables remained stable with two notable exceptions: the winter-spring period of 2012 was characterized by lower water transparency (Secchi depth: 49.47 ± 5 cm; P > 0.05), while significantly higher salinity (17.37 ± 1.2 PSU), Secchi depth (93.47 ± 9 cm) and water stability (0.01 ± 0.001 s −1 ) were observed (P < 0.05) between autumn and spring of 2013. Water stability was maintained by the vertical distribution of salinity rather than temperature, which was homogeneously distributed (data not shown). Precipitation oscillated on the short-time scale, but differences among the seasons in both years were not significant. Similarly, inorganic nutrient concentrations were characterized by wide ranges and frequent, but ephemeral peaks (NH 4 : 0.71-272.3 μM, NO 3 : 0.64-45 μM, PO 4 : 0-3.48 μM, Si(OH) 4 : 1.78 -178 μM). All the environmental variables contributed to the observed short-time environmental heterogeneity with their relative importance changing depending on the period considered ( Supplementary Fig. 3 ).
On the seasonal scale, the PCA explained 53.13% of the variability of the data in the two axes (PCA axis 1 = 23%, PCA axis 2 = 29%) ( Supplementary Fig. 4 ).Water temperature (-0.90), Secchi depth (0.64) and water stability (0.69) were the most important variables in the ordination PCA axis 1 whereas salinity (-0.88) and precipitation (0.64) explained most of variability in the PCA axis 2.
Floristic composition and abundances of main phytoplankton species
With the exception of a few sampling dates, the fraction <20 μm accounted for more than 80% of phytoplankton abundance in RFL throughout the two studied annual cycles. Among them, the cyanobacteria (made up mainly by unicellular species of genera Synechocystis and Synechococcus) showed very high densities (2-20 × 10 5 cells mL
) during summer-autumn 2012 and spring-summer 2012-2013, whereas small eukaryotes predominated during winter 2012 and autumn-winter 2013 ( Fig. 2A) . Large eukaryotic phytoplankton (>20 μm) usually showed densities above 10 3 cells mL -1 and were composed mainly of dinoflagellates (Heterocapsa cf. pygmaea, Levanderina fissa and Prorocentrum cordatum). Although small eukaryotes were less abundant when compared to the cyanobacteria, they also showed high densities (above 1 × 10 3 and up to 6.2 × 10 5 cells mL -1
), and were the most diverse phytoplankton group, composed of seven taxonomic divisions (Fig. 2B) , with species richness oscillating from 2 to 20 species ( Supplementary Fig. 5 ). Importantly, very similar temporal patterns regarding the floristic composition were observed across the five sampling stations (Supplementary Fig. 6 ). The accumulation curves showed that most of the 37 species identified were recorded during the first year of the study (Supplementary Fig. 5 ). Among them, 24 were the most frequent and/or abundant and 11 were successfully cultivated ( Fig. 3A ; Table I ).
A total of 398 environmental 18S rDNA V4 clones were obtained from four clone libraries. Among them, only 184 were attributable to algal groups (except dinoflagellates; see Method). The taxonomic composition of these sequences from the clone libraries was similar to that found using the morphotype/sequencing approach for the same sample dates ( Figs 2C-F and 3B ). The diversity of clones was low, with sequences grouping into 9 OTUs. Each OTU could be assigned to a single morphotype and no intra-morphotype genetic variability was observed (sequences from cultures, when available, were > 98% identical to environmental sequences; Table I ).
High temporal variability was observed regarding the abundances of the different species recorded into each one of the taxonomic groups (Fig. 3A) . Thus, diatoms in the period summer-autumn 2012 were made up mainly of Cyclotella sp. and Chaetoceros tenuissimus, whereas Chaetoceros minimus was the principal species of this group during the winter-autumn 2013. Chrysochromulina sp. was the dominant prymnesiophyte, being frequently observed with abundances > 10 3 cells mL -1
. The other species of this group (Diacronema sp., Prymnesium sp. and Isochrysis sp.) were observed only during the summer-autumn 2012 and at very low levels. Although the cryptophyte Hemiselmis sp. occurred through the entire sampling period, its highest densities (8.7 × 10 4 cells mL ) of the other species of this group (cf. Mamiella sp., Pseudoscourfieldia sp., Pyramimonas spp.) occurred occasionally. For the chlorophytes, Nannochloris/Nannochlorum sp. and the unidentified chlorophyte 1 were observed frequently, whereas the unidentified chlorophytes 2 and 3 occurred only during the autumn 2013 and spring 2013, respectively. Finally, the eustigmatophyte Nannochloropsis sp., a species readily distinguishable by its size, shape and color after Lugol's fixation, had high abundances (5.8 × 10 5 cells mL
) in the winter-spring 2012, and reached the highest abundances of any of the small eukaryotic phytoplankton enumerated in this study.
Temporal diversity of small eukaryotic phytoplankton
The temporal β diversity on the short-time scale (twiceweekly) was highly variable as shown by strong oscillations in the Bray-Curtis dissimilarities (0.01 to 1) between consecutive sampling dates (Fig. 1B) . MannWhitney tests indicated that the temporal component of β diversity was significantly higher (P < 0.05) than the spatial one during the majority of the study (90% of sampling dates; Fig. 1B) .
On the seasonal scale, different patterns of temporal β diversity of small eukaryotic phytoplankton were revealed by ANOSIM analyses (Fig. 4A) . Low species turnover was observed between summer and autumn (R = 0.22-0.28; p > 0.05) and between winter and spring 2012 (R = 0.25-0.31; P > 0.05) while the transition between autumn and winter was characterized by a high species turnover (R = 0.68 -0.71; P < 0.05). On the other hand, in 2013 the highest turnover occurred between summer and autumn (R = 0.61-0.65; P < 0.05), whereas similar species compositions were observed between autumn and winter and between winter and spring (R = 0.39-0.46 and 0.31-0.36, respectively; P > 0.05). High temporal β diversity was also observed for each season between years (R > 0.75; P < 0.05).
Based on these outcomes, it was possible to identify four periods during the study related to the distribution of the small eukaryotic phytoplankton species: (i) summer-autumn 2012, characterized by nearly equal contributions of species from several taxonomic groups (chlorophytes, cryptophytes, prasinophytes, diatoms and prymnesiophytes), (ii) winter-spring 2012, marked by the predominance of the eustigmatophyte Nannochloropsis sp., (iii) summer 2013, also with equal contributions of several taxonomic groups (chlorophytes, cryptophytes, chrysophytes and prasinophytes), and (iv) autumnwinter-spring 2013, mainly characterized by high abundances of the diatom Chaetoceros minimus. SIMPER analyses indicated that the main species contributing to these seasonal patterns were Nannochloropsis sp., Ochromonas sp., Hemiselmis sp., Mantoniella sp., Nannochloris/Nannochlorum sp., unidentified clorophytes 1 and 2, C. tenuissimus, Cyclotella sp. and C. minimus. Species for which cultures were established are indicated by asterisks. Cmin: Chaetoceros minimus, Chry: Chrysochromulina sp., Cryp1: unidentified cryptophyte 1, Cryp2: unidentified cryptophyte 2, Cryp3: unidentified cryptophyte 3, Cryp4: unidentified cryptophyte 4, Cten: Chaetoceros tenuissimus, Cyc: Cyclotella sp., Diac: Diacronema sp., Green1: unidentified chlorophyte 1, Green2: unidentified chlorophyte 2, Green3: unidentified chlorophyte 3, Green 4: Nannochloris/Nannochlorum sp., Hem: Hemiselmis sp., Iso: Isochrysis sp., Mant: Mantoniella sp., Mam: cf. Mamiella sp., Nan: Nannochloropsis sp., Och: Ochromonas sp., Prym: Prymnesium sp., Pseu: Pseudoscourfieldia sp., Pyr1: Pyramimonas sp. 1, Pyr2: Pyramimonas sp. 2, Pter: cf. Pterosperma sp. (B) 18 S rDNA (V4 region) phylogenetic tree showing the position of the sequences obtained from cultures and clone libraries (both indicated in bold). The entire tree is composed by four clades (C1, C2, C3 and C4), showed in detail separately. One representative sequence of each OTU is included (see Table I for more details on the assignation of the sequences). OTUs were established based on a 98% similarity threshold. Color of branches indicates assignations to taxonomic groups as indicated in Fig. 2B . ML bootstrap values (>70%) are reported at the nodes. Corresponding OTUs present in clone libraries (V4 hypervariable region of 18 S rDNA) with similarity level with GenBank sequences are also indicated. There are some cases (marked ND) where cultures were not obtained for a species corresponding to an OTU, or where cultures were obtained for a species but OTUs were not found.
Relevance of environmental heterogeneity to the temporal diversity
A visual exploration of wavelet transforms allowed us to recognize similar trends between environmental heterogeneity and temporal β diversity on the short-time scale (Fig. 5A) . Indeed, wavelet coherency analysis revealed a significant relationship (wavelet coherence > 0.85; P > 0.05) between environmental heterogeneity and temporal β diversity of small eukaryotic phytoplankton in the 55 -95 days period during almost all the studied period ( Fig. 5B-C, Supplementary Fig. 7 ). The phase angle analysis revealed that the two time-series were in phase (positive correlation) showing a time delay lower than π/2, as the environmental heterogeneity was always followed by the temporal β diversity (Fig. 5D ).
Further wavelet coherence analyses indicated that all the environmental variables were strongly related to β diversity on the short-time scale (wavelet coherence > 0.85; P > 0.05) (Supplementary Fig. 8 ). These analyses indicated that temporal β diversity on the short-time scale was correlated with precipitation, Secchi depth and NH 4 throughout the study period, whereas temperature, salinity and watercolumn stability were important during short-time periods. Wavelet analyses also allowed us to assess delayed correlations on the short-time scale between environmental variables and the main small eukaryotic phytoplankton species (selected by SIMPER analyses) (Supplementary Table I , Supplementary Wavelet Results). Thus, the long period of predominance of Nannochloropsis sp. observed between July and November 2012 was negatively correlated to salinity, water stability and positively correlated to NH 4 . Periods of high densities of Ochromonas sp. were related negatively to water temperature, salinity and NH 4 . High densities of Hemiselmis sp. were negatively correlated to Secchi depth, showing the relationships with the environmental variables; direction and length of arrows indicate the significant correlations (P < 0.05) between the variables and the ordination axes. Cmin: Chaetoceros minimus, Chry: Chrysochromulina sp., Cryp1: unidentified cryptophyte 1, Cryp2: unidentified cryptophyte 2, Cryp3: unidentified cryptophyte 3, Cryp4: unidentified cryptophyte 4, Cten: Chaetoceros tenuissimus, Cyc: Cyclotella sp., Diac: Diacronema sp., Green1: unidentified chlorophyte 1, Green2: unidentified chlorophyte 2, Green3: unidentified chlorophyte 3, Green 4: Nannochloris/Nannochlorum sp., Hem: Hemiselmis sp., Het: Heterocapsa cf. pygmaea, Iso: Isochrysis sp., Lev: Levanderina fissa, Mant: Mantoniella sp., Mam: cf. Mamiella sp., Nan: Nannochloropsis sp., Och : Ochromonas sp., Pro: Prorocentrum cordatum, Prym: Prymnesium sp., Pseu: Pseudoscourfieldia sp., Pyr1: Pyramimonas sp. 1., Pyr2: Pyramimonas sp. 2, Pter: cf. Pterosperma sp., Syn: Synechocystis/Synechococcus spp. precipitation, NH 4 , NO 3 and PO 4 whereas abundance peaks of Mantoniella sp. were correlated negatively to water stability, NH 4 and positively to Secchi depth. Abundance peaks of Nannochloris/Nannochlorum sp. were negatively related to stability, NH 4 and NO 3 . The unidentified chlorophyte 1 was positively related to temperature, turbidity, pH, NH 4 while the unidentified chlorophyte 2 was related positively to stability, Secchi depth and negatively to precipitation. Finally, periods of high densities of the three diatom species (Cyclotella sp., C. tenuissimus and C. mininus) were positively related to NH 4 , PO 4 , Si(OH) 4 and negatively correlated to water temperature. However, Cyclotella sp. and C. tenuissimus were positively related to Secchi depth whereas C. minimus was negatively related to this variable.
The CCA analysis (Fig. 4B ) indicated that the relative importance of these physical-chemical variables changed depending on which seasonal period and year were considered. Together, the eigenvalues of the first two canonical axes (0.15 and 0.05, respectively) explained 20% of the total variance. The species and environmental variables showed correlation values of 0.78 and 0.67 on canonical axes 1 and 2, respectively. The CCA axis 1 accounted for the differences between the years 2012 and 2103 and was positively related to Secchi depth, water-column stability and salinity. The CCA axis 2 indicated a gradient between spring-summer and autumn-winter in both years being negatively related to water temperature and NH 4 . Both axes were statistically significant (Monte Carlo testing, P < 0.05). Although all the environmental variables included in the analysis showed statistically significant differences, the highest correlations were observed for Secchi depth (0.52) and water stability (0.47) in axis 1, and temperature (-0.50) in axis 2. The distribution of species in the ordination diagram indicates that, on the seasonal scale, the cyanobacteria Synechocystis/Synechococcus spp., the green coccoids and the prasinophytes were positively related to temperature and negatively related to salinity, Secchi depth and water stability whereas an inverse pattern related to those variables were observed for the diatom C. minimus and Bray-Curtis dissimilarity (considered as the time-series y). Periods with significant (P > 0.05) coherence are delimited by a thick white line whereas the transparent white area delimits the region where edge effects might distort the results. The phase angles (arrows) illustrate if the two time-series are in phase (positive correlation) or out of phase (negative correlation) and also if there is a time delay between them: in phase with x followed by y (↗), out of phase with y followed by x (↘), out of phase with y followed by x (↖), out of phase with x followed by y (↘). Series in phase and out of phase without a time delay are indicated by → and ←, respectively. (C) Average coherence; periods of significant values (P > 0.05) are indicated by gray circles. (D) Phase distribution of the two time-series at the 95 day period. and the dinoflagellate P. cordatum. The eustigmatophyte Nannochloropsis sp. and the prymnesiophytes Prymnesium sp. and Chrysochromulina sp. were negatively related to temperature and salinity.
D I S C U S S I O N Specific composition
Unicellular cyanobacteria and small eukaryotes (<20 μm) are frequently predominant components of phytoplankton communities in brackish coastal lagoons (Bec et al., 2005 (Bec et al., , 2011 Pecqueur et al., 2011) , as previously recorded in RFL Menezes et al., 2012) . Although small eukaryotic phytoplankton assemblages are numerically relevant in coastal systems, they are frequently quantified simply as "nanoflagellates" with no information on their specific composition and temporal turnover. Here, the small eukaryotic phytoplankton in RFL was made up of 37 species distributed across seven taxonomic divisions (i.e. diatoms, chlorophytes, prasinophytes, cryptophytes, eustigmatophytes, chrysophytes and prymnesiophytes). These algal groups are frequently reported as important components of the phytoplankton in estuarine areas, with the floristic composition in RFL observed during this study similar to that reported for other coastal systems (Romari and Vaulot, 2004; Mcdonald et al., 2007; Balzano et al., 2015) . Clone libraries closely matched the morphological data, in that the same taxonomic groups were recognized to be numerically important by both methods (Fig. 1) . However, the number of OTUs was always lower than the number of species recorded in the same sample. The most likely explanation is that the clone libraries detected only the most abundant taxa, and the low number of sequences derived from algal groups (187) could not account for the whole diversity. Although the diversity of clones was low (only 9 OTUs in total), clone library results were important in the identification of some of the key species. This was especially true for correct identification of the coccoid species (such as Nannochloropsis sp.), which were numerically abundant and distinguishable during quantification by their shape, size and color, but whose taxonomic identification in natural samples was only confirmed after sequencing of the cultures and the occurrence of the same sequences in the clone libraries. Species of the genera Diacronema, Prymnesium, Isochrysis, and Mantoniella were recognized as important in morphological observations and were readily cultured. However, these taxa did not appear in the clone libraries. The first three are haptophytes, which have been observed to be underrepresented in clone libraries compared to their contribution to phytoplankton communities (Liu et al., 2009) . This highlights the value in coupling culturing approaches to nanoplankton studies (Le Gall et al., 2008) .
The number of species recorded during this study would be considered low when compared to the high diversity of small eukaryotic phytoplankton assemblages usually reported from oceanic and estuarine waters (Moon- Van Der Staay et al., 2001; Romari and Vaulot, 2004; Mcdonald et al., 2007; Lepère et al., 2009; Balzano et al., 2012) . The accumulation curve ( Supplementary  Fig. 6 ) indicated that most species were recorded during the first year of sampling. This suggests that the list of species remained relatively stable between the two years and the differences in floristic composition observed throughout the study was mainly due to the presence/ absence as well as relative abundances of the different species. As studies on the floristic composition of small eukaryotic phytoplankton in coastal lagoons are still scarce, it is unknown if the low diversity observed here is representative of such systems or perhaps specific to highly eutrophic lagoons such as RFL.
Seasonal trends
The entire study period was characterized by high oscillations of total small eukaryotic phytoplankton abundances coupled to marked changes in floristic species composition (Figs 2 and 3) . Periods of the highest relative contribution (80-100%) of small eukaryotic species to the phytoplankton of RFL occurred when Synechocystis/ Synechococcus spp. total abundances were lower. The most notable differences were related to the occurrence of a Nannochloropsis sp. bloom in winter-spring 2012 and the absence of Synechocystis/Synechococcus spp. after March 2013, which occurred simultaneously to a sharp decrease in the abundance of small eukaryotic phytoplankton. Such changes in the phytoplankton composition were related to a salinity increase in the autumn-winter 2013 associated to an increase in water transparency (Secchi depth) and a decrease in water-column stability (Fig. 4,  Supplementary Fig. 2 ). However, as nutrient concentrations other than NH 4 were not determined for the period before winter 2013, we cannot state that these were the main variables responsible for the observed results.
Although clear differences between seasons were sometimes observed, no stable pattern of seasonality was detected, as the temporal trajectories of the small eukaryotic phytoplankton were different for each year studied. These outcomes should be taken carefully, as only two years were considered. For example, the overwhelming predominance of Nannochloropsis sp. during the winter-spring 2012 seemed to represent an atypical condition since high abundances of this species have not been reported previously for the RFL Menezes et al., 2012) . Even so, the overall trend depicted by our data agrees with the patterns of temporal phytoplankton distribution in RFL (at the division level) from 2000 to 2010 in which eukaryotic phytoplankton communities showed marked changes in the floristic composition between years, never returning to the conditions observed in the preceding year . The absence of a stable pattern of seasonality is consistent with phytoplankton dynamics frequently observed in coastal systems such as estuaries and coastal lagoons (Cloern and Jassby, 2010) . Contrary to oceanic environments, where quite stable and recurrent phytoplankton seasonal patterns are mostly affected by a few climatic factors such as solar radiation and thermal stratification (Yoder and Kennelly, 2006) , coastal systems show a surprisingly broad and sometimes unpredictable spectrum of seasonal patterns determined by multiple drivers at the land-sea interface where influences from watersheds, the atmosphere and coastal ocean intersect (Cloern and Jassby, 2008) .
Temporal diversity explained by environmental heterogeneity
In agreement with previous studies performed for microbial communities (Shurin et al., 2007; Schneck et al., 2011; Hatosy et al., 2013) , environmental heterogeneity was positively related to temporal β diversity of the small eukaryotic phytoplankton in RFL (Fig. 5) . Wavelet analysis showed that the temporal β diversity on the short-time scale was frequently related to changes in several environmental variables at the same time ( Supplementary Fig. 8 ), indicating that interaction between these variables likely occurred. Further wavelet analysis indicated that these environmental variables affected the individual species differently. Also, each species was affected by a different set of variables acting simultaneously (Supplementary Table I ). These results emphasize the importance of considering not only the interaction of multiple environmental factors for the temporal trajectories of phytoplankton communities but also the adaptive traits of the species to changing environmental conditions. Similar trends in the relationships between temporal β diversity and the environmental variables were found on both short-time and seasonal scales. An exception was found for temperature, which, according to the wavelet analyses, was only occasionally relevant for the short-time variability ( Supplementary Fig. 8, Supplementary Table I ), while the CCA indicated that it was the main variable positively related to summer assemblages in both years (Fig. 4B) . A similar outcome was found for marine bacteria communities, where the relative importance of some environmental factors for the temporal β diversity changed depending on which temporal scale was considered (Hatosy et al., 2013) . These differences might be explained by the fact that, as changes in environmental variables occur simultaneously on various time scales, the assessment of the effect of a given environmental factor on phytoplankton communities should consider the time required (in terms of cell divisions) for the response to occur (Reynolds, 1990) . As a consequence, relevant drivers on the short-time scale are those whose variations occur at the same frequency as the generational time of the cells (Reynolds, 2006) . Thus, a possible explanation for the different temporal patterns related to temperature observed in this study would be that most of the variation in temperature on the short-time scale was too small to induce changes in the species composition. However, as sampling dates became farther apart, differences in temperature became significant enough to affect species composition.
Another discrepancy between short-time and seasonal scales was related to the relevance of precipitation and NH 4 . Although the CCA indicated that these two variables were not important (Fig. 4B) , wavelet analyses revealed that they were actually related to variability across short-time intervals both regarding temporal β diversity as well as the oscillations of the main small eukaryotic phytoplankton species (Supplementary Figs 7 and 8, Supplementary Table I) . As multivariate analyses are designed to depict gradients in the distribution of the species, the relevance of variables with maximal values occurring randomly would not be perceived when evaluated by such methods. Coherence wavelet analysis on the other hand is particularly suitable for assessing delayed time response of variables with irregular and non-stationary distributions, with signal frequencies (period) changing over time (Cazelles et al., 2008) . In this study, precipitation was positively related to temporal β diversity on the short-time scale during most part of the study period indicating that it was indeed an important driver for species turnover. However, its effect on the different species was erratic, changing between positive and negative correlations along the time-series of the different species. Although precipitation is an important factor affecting phytoplankton dynamics (De Senerpont Domis et al., 2013) , it is usually challenging to explain precisely how it affects phytoplankton assemblages since both direct (i.e. dilution of populations) and indirect effects (i.e, input of allochthonous nutrients, salinity decrease) are observed, most of the time occurring simultaneously (Reichwaldt and Ghadouani, 2012) .
Abundance peaks of all the main species (the ones recognized after SIMPER analyses) were positively related to NH 4 inputs. This was true even for the diatoms, which are broadly recognized in the literature as having higher affinity for NO 3 uptake (Litchman et al., 2007) . Our results agree with those previously reported for other eutrophic and hypereutrophic coastal lagoons where the predominance of small diatoms and phytoflagellates has been linked to NH 4 pulses (Bec et al., 2011) . Although NH 4 is the preferred N source for all algae (Syrett, 1981) , growth affinity of small cells for NH 4 has been suggested to be better than that of large cells, because large organisms suffer from stronger diffusion limitation (Morel et al., 1991) . Indeed, NH 4 uptake has been related to the predominance of small phytoplankton, whereas NO 3 has been shown to preferentially favor large cells (Le Bouteiller, 1986; Riegman et al., 1998; Gobler et al., 2002; Romero et al., 2012) . Thus, although diatoms show a preference for NO 3 (Glibert et al., 2016) , it would be plausible to suppose that the small species of this group (as the ones observed in RFL) also have affinity for NH 4 , and are capable of growth in the presence of either of these two N sources. Indeed, the maximal abundance of the diatom Chaetoceros minimus observed in July 2013 followed a peak of NO 3 , but later abundance peaks of this species were also related to NH 4 inputs. As peak abundances of the three diatoms observed in RFL were always related to Si(OH) 4 , the predominance of diatoms over the other small phytoplankton species is likely regulated by Si(OH) 4 availability rather than the NO 3 /NH 4 ratio.
While NH 4 was related to abundance peaks, the question remains: Which factors determined the selection of the different small phytoplankton species during the study period? Keeping in mind the inherent chaotic behavior of phytoplankton (Benincà et al., 2008) , as well as the hierarchy of forcing functions driving the various biological responses in pelagic systems on different time scales (Mackas et al., 1985) , a general mechanism explaining the observed patterns in RFL could be proposed based on the "open niche" concept (Smayda and Villareal, 1989) . This theoretical framework states that the selection of bloom-species follows a taxonomic hierarchical pathway where appropriate phylogenetic and generic selections are required for, and must precede species selection (Smayda and Reynolds, 2003) . Thus, we propose that the predominant phylogenetic groups in RFL were first selected by the environmental variables acting on the seasonal scale (e.g. temperature positively related to cyanobacteria, green coccoids and prasinophytes during the summer months and negatively related to the diatoms during winter). On the short-time scale, the selection of species within each group might depend on both the pool of species available when NH 4 pulses occur as well as the adaptive strategies of each species, which must cope with both competition and resilience to oscillating environmental variability. Although still speculative, the proposed mechanism fits well with the patterns observed during this study. The analysis of a larger time-series as well as culture experiments would be necessary to validate or refute these conclusions.
Although environmental variables were certainly important for the temporal distribution of small eukaryotic phytoplankton in the present study, the importance of biotic interactions could not be ruled out. Allelopathy and mixotrophy have been recorded in several phytoplankton phylogenetic groups and are potentially important strategies for blooming species in eutrophic systems (Burkholder et al., 2008; Granéli et al., 2008) . On the other hand, disruption of grazer populations also may be an important factor in the initiation of pico-and nanophytoplankton blooms under eutrophic conditions (Buskey, 2008) , with the massive proliferations of the pelagophyte Aureococcus anophagefferens linked to low grazing pressure by microzooplankton in the initial phase of the bloom (Buskey et al., 1997; Gobler et al., 2002) . Virus infections have been shown to be the main factor leading to the bloom decay of small-sized phytoplankton populations such as the prasinophytes Micromonas spp. (Evans et al., 2003) , and the prymnesiophytes Phaeocystis globosa (Brussaard et al., 2005) and Emiliania huxleyi (Frada et al., 2008) . Eukaryotic parasites may also constitute an important source of mortality (Park et al., 2004) . In fact, decreases in the abundance of C. minimus might be related to its infection by a cercozoan parasitoid in RFL during the same period that this study was carried out (Alves-de- Souza et al., unpubl. data) .
C O N C L U S I O N S
Our results indicate that temporal β diversity (by incorporating shifts in both specific composition and species relative abundances) of small phytoplankton species (>20 μm) is a suitable indicator of changing environmental conditions in highly dynamic eutrophic coastal environments. Thus, considering the numerical importance of small size fractions to phytoplankton communities in coastal lagoons, information relevant to the management and conservation of these systems could be potentially missing when the floristic composition of pico-and nanophytoplankton and their temporal species turnover are not properly determined. Although NH 4 input was positively related to increases in phytoplankton abundance during this study, species selection likely depended on the outcome of the simultaneous interaction among several environmental variables, with their relative importance depending on which time scale is considered. The assessment of the relative importance of the different physical-chemical variables to the temporal distribution of the small eukaryotic phytoplankton in environments experiencing high environmental heterogeneity should follow a hierarchical approach considering both shorttime and seasonal scales.
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